This paper is the first part of a three paper series and it deals with full-scale tests of a load carrying box girder. The two other papers present more details on smaller sub component level as well as cap specimens (paper 2) and shear web (paper 3). This paper also links to the two other papers and brings the main results from them into the relevance for a wind turbine blade designer.
Introduction

Motivation
The size of wind turbine blades is expected to increase considerably in the future as initiatives to increase the contribution to energy production from renewable energy sources accelerate.
Since future blades are expected to be lighter a consequential increase in the longitudinal curvature will result, which in turn will lead to a quadratic increase in the crushing pressure resulting from flapwise curvature, see ref. [1] . In order to achieve this weight reduction, a better understanding of the ultimate failure load of composite turbine blades is required. The detailed structural behaviour must be investigated beyond the elastic range, including identification of failure modes leading to ultimate collapse. Such failure modes typically include combinations of large, geometrically nonlinear deformations such as buckling, local instabilities such as wrinkling and material non-linear effects such as fibre failure, matrix cracking, skin debonding and interlaminar failure. Furthermore, effects from manufacturing imperfections need to be considered. It is anticipated that the construction of offshore wind farms will increase in the future, with larger wind turbines needed to satisfy project economics. Hence, ensuring the design integrity and through life durability of wind turbines located in such arduous environments is crucial if the perceived commercial and environmental benefits are to be realised.
State of the art
So far wind turbine blades have typically been optimized through a combination of testing and simplified analytical and numerical methods. However, numerical simulation tools are gaining wider acceptance as they become more effective in their predictive capability, thus offering a route to lower development costs and increase reliability.
In Figure 1 a pyramid representing a multi-scale approach to testing is shown. This pyramid is a collection of tests which have been performed at Risø DTU over the last 4-5 years.
However, only full-scale tests (level 1) and the small coupon tests (level 5, right), such as materials data tests, are required by the certifying agencies when preparing the documentation forming the basis for type certification, see ref. [2] , [3] , [4] . Risø DTU's aim is to systemize subcomponent testing (levels 2-5) so that such testing can be used in a design and certification process. This approach has also been used in recent years by wind turbine manufacturers or certification bodies, see ref. [3] , [5] , [6] , [7] . The approach is expected to be adopted in the certification process in the future, see ref. [2] , [4] , [9] , [10] . In the latest version of "DNV-Risø Guideline for design of wind turbines", published in 2008, a description of this approach, called 'Building block approach', can be found, see ref. [4] . In ref. [11] stochastic models for strength of wind turbine blade using experimental results on different levels are presented. Load application in level 1 testing is traditionally very simplistic and, only separate flap and edge-wise load cases are required by the certification bodies, see ref. [3] , [12] . Examples of more sophisticated load applications may be found in [13] , [14] .
An important geometrically non-linear effect is the so-called Brazier effect originally published by Brazier in 1926 [1] . Since 1911 with a publication by von-Karman [15] , it has been recognised that thin-walled, hollow structures, under bending, suffer a flattening of the cross-section. The effect described by Brazier, is resulting from curvature, when bending a beam or a slender structure. Because of the curvature the longitudinal compressive and tensile stresses result in transverse stresses towards the neutral plane of the beam. This causes flattening of a hollow cylinder or suck-in deformation of a hollow box.
This effect has recently been addressed in failure analysis of wind turbine blades, see ref.
[16], [17] , [18] , [19] . The transverse stresses causing the flattening are sometimes referred to as the crushing pressure, since the same effect would occur if an external pressure was applied (see Figure 2) .
Recently a series of full-scale tests have been carried out at Risø DTU in Denmark so as to efficiently optimize a 34 m blade design from SSP-Technology A/S in a combined experimental and theoretical approach. First, a full scale 34m blade was tested to failure in flap-wise loading, see ref. [16] , [20] . Ovalisation of the load carrying box girder was measured in the full-scale test and simulated in non-linear FE-calculations, see ref. [17] , [21] .
The nonlinear Brazier effect was characterized by a crushing pressure which caused the ovalisation. A global non-linear FE-model of the entire blade was prepared and compared with the experimental results (see Figure 3 ). Strain gauge measurements helped identify the location of failure initiation which leads to catastrophic failure, see Figure 3b . Figure 3a shows a frozen frame picture from a video recording failure of a box girder in fullscale test. It shows initial face debonding of the outer skin on the shear web's sandwich section, leading to ultimate collapse of the box girder.
Comparisons between measurements and FE-simulations showed that buckling of the load carrying cap (flange) was the initial failure mechanism followed by skin debonding in the shear web which then led to collapse as shown in the sketch in Figure 3b . The pre-buckling of the cap could be caused by interlaminar failure. To judge whether interlaminar failure is critical more research is needed and this is done in this paper.
Aim and current work
The principal aim of this paper and the two related papers ref. [22] , [23] is to investigate failures in cap and shear webs. Both, full-scale test of a 34m long load carrying box girder and sub component tests have been performed and the results from the analyses are shown in these three papers. Three series of subcomponent tests indicated in Figure 4 have been performed and analyzed. The failure related to the cap is covered in the part 2 paper and failure related to the shear web is covered in the part 3 paper. Paper 3 presents both experimental testing of a box section and column buckling test of sandwich specimens. The sandwich specimens are in compression (column test), representing the crushing forces in the shear web sandwich panel. Some of the sandwich specimens are manufactured with a defect, representing what can be found in a real wind turbine blade. This paper discusses the relevance of these sub component tests.
The specific aim of this paper is to relate these sub component tests so that they have 
Potential for weight reduction in modern wind turbine blades
Large differences can be found in the safety margins against various types of failure modes, which indicate that current wind turbine blade designs need to be optimized to a higher degree with regards to structural strength as presented in this paper. Failure can originate from the material, imperfections in the structure and from buckling. The safety margin against different failure modes in current designs is illustrated in Figure 6 . This is done in order to illustrate the potential for fuller use of the material's strength properties e.g. for in plane loading in present wind turbine designs, see ref. [24] . Figure 6a illustrates that the material strength (in plane loading) has a very large safety margin in modern wind turbine blades. This observation is based on experimental work [25] , [26] , [27] , [28] where panels from three blade manufacturers have been tested in compression The panels which have been tested represent the load carrying laminates which are positioned in the outer shelves in the area close to the shear webs often called caps. The loading conditions (in-plane compression) and the materials, layups and the production methods were similar to the actual blade. The major difference from these test panels and real caps are that the test panels are flat, while a real cap panel have a small transverse curvature.
Of course this can result in some discrepancy, but it is not expected to have a major influence on the results. Strains measured in the panel tests from ref. [28] , were in the range of 20-30000 μS, which is a factor of 4-6 times higher than strain measured in full-scale tests (3-5000μS), see ref. [20] , [29] , [30] .
For panels with a large embedded defect the strain levels were in the range of 10-20000 μS, which is a factor 2-5 higher than obtained in full-scale tests. Figure 6 also illustrates that the future optimized safety chain concept can carry double the load of the chain shown representing current wind turbine blades. This illustrates how we believe that the safety margin (or reliability) of future wind turbine blades can be increased.
Of course other effects such as ageing effects, temperature variability etc. should be included in the final approval. This work is only accounting for the defects which are in this particularly blades and do not take aging and temperature effects into account. To achieve this, the blade should be strengthened to account for both the "Material strength-out of plane loads" and "Structural strength" links. In this paper (and papers 2+3) only the delamination failure modes are discussed. To study the optimization of the "Structural strength" link, Find M. Jensen's PhD thesis ref. [16] or the related patents should be studied, see ref.
[31], [32] , [33] , [34] , [35] , [36] , [37] . Here only one example is shown in order to illustrate what is meant with "Structural strength". The example is a shear distortion failure type which does not often get much attention in current blade designs. In Figure 7a , the shear distortion failure mode is shown, which can easily be prevented by either a cross (Figure 7b ) or tilted shear webs, see Figure 7c .
By solving this problem and the other "Structural strength" problems shown in ref. [16] as well as the delamination problems, presented in the following, lighter and more reliable blades are expected for the future. The specific safety margin which are obtained by these novel structural solutions suggested e.g. in ref. [16] are difficult to estimate, but numerical studies and full-scale tests have shown that when the structural members e.g. a cross is inserted in the blade then the blade fail in another mode at a higher load. Furthermore, the tip clearance problem has to be solved since the reduction of material in the load carrying laminates increase the tip deflection linearly. Today there exist ways to solve that problem e.g. cone, tilt or prebend the blade, but it may influence in a small reduction in the aerodynamic efficiency which has to be taken into account.
Delamination failures
Two delamination types of failure, interlaminar shear failure and sandwich skin debonding are analyzed in this paper. Other delamination types of failure such as buckling driven delamination, adhesive joint debonding etc. are also relevant for the ultimate strength of wind turbine blades, but are not treated here. In this paper only a short description of the failure modes and the sub component tests are analyzed. In paper 2 interlaminar shear failure in the load carrying cap is analyzed and in paper 3 skin debonding in the sandwich shear webs is analyzed.
Interlaminar shear failure in the load carrying cap caused by Brazier loads
Interlaminar shear failure is a mechanism that can occur between the layers in a composite panel and is observed in the failure of the load-carrying cap laminate, see Use of Digital Image Correlation (DIC) techniques provided strain results that first indicated the matrix crack, and then allowed identification of the elevated stresses ahead of the matrix crack tips which contributed to delamination growth between the biaxial/UD interface. The DIC-system is an optical system which can measure three dimensional surface deformations using two cameras.
From a full-scale test analyzed in ref. [16] , [17] , [29] the cap deflections were in the range of 1-6mm, so lateral bending stiffness of the caps may be too small to avoid matrix cracking see 
Skin debonding from the sandwich core in the shear web
Web failures have been observed as the main reason for collapse in the first two full-scale tests, see Figure 3 from ref. [16] , [21] . Figure 3 presents a frozen frame picture of the critical, failure mode of the box girder full-scale test. In the white circle in Figure 3 , initial face debonding of the outer skin on the shear web's sandwich section is seen as a light green colour, leading to ultimate collapse of the box girder. This failure mode is caused by a complex load and strain distribution described in ref. [21] . Here and in paper 3 only one load component (Brazier load) is taken into consideration and therefore much more experimental work should be done before a full understanding of the influence from all load components can be obtained. The Brazier load component analyzed here and in paper 3 is expected to be the dominating effect in future since, more flexible blade design with larger longitudinal curvature, so maybe for a future design process the sub component tests addressed here give a good estimate of the shear web strength.
Description of sub component tests performed
Box section test and FE-model
To better understand the influence of a crushing pressure on the failure mode of a box girder, the structure was separated, sectioned, and tested under flexure loads in isolation. Tests were performed using a constant displacement ramp of 0.14 mm/s and a three point loading arrangement. The DIC technique was used for strain mapping on the sandwich webs to fully appreciate both the differences between this section testing and full blade testing, as well as the evolution of strain with applied load. The out of plane displacement result is shown in Figure 11a . The high levels of shear led to shear fracture of the core, which resulted in collapse of the structure, as shown in Figure 11b . A thorough description of the experiment and the results is given in paper 3 [23] . In relation to the delamination failure described in section 3.1, the full blade tests have shown that core shear fracture is more likely to occur before cap delamination, but it is highly geometry dependent, and cap delamination is still a relevant failure mode.
In ref. [39] three specimens cut from the load carrying box girder of a 25m wind turbine blade were tested to failure under a type of 3-point bending. The probable reason for ultimate failure is therefore shear fracture of the core in the box girder webs, leading to delamination and ultimate failure. Today no fracture mechanics approach is included in the FE-model, so initiations can be detected from the FE-model and therefore no confirmation other than high stress-levels. Future FE-models are expected to include a fracture mechanics approach such as cohesive interface elements or VCCTelements, see ref. [38] Similar tests have been performed before, see ref. [21] , [39] . The major difference presented here made use of more sophisticated measuring equipment such as DIC, which gave a full surface deformation and strain picture of the deformed section and reveals how the web ovalises asymmetrically, Figure 11a. 
Column tests of sandwich panels representing the shear webs
As a development of the box section tests, column buckling experiments were performed to understand the variables attributable to the failure of the sandwich webs. The experiment was designed around the standard test method ASTM C364 [40] , [41] , where the gauge length was increased to promote buckling. Laboratory manufactured specimens had a 20 mm core and two skins with a four biaxial layers ± 45 o . The grades of the skin were varied to achieve three different skin/core thickness ratios.
This ratio was important in determining the initial failure mode, where the thinner skinned material was more prone to skin fracture, whilst the thicker skinned material incurred core shear collapse. Both of these failures led to global buckling. As the skin thickness increased there was a proportional increase in the strength and ultimate load. The biggest difference observed was in observations of specimens manufactured with incorporated interlaminar delaminations. With these inclusions, the specimen failure occurred at a reduced load, which was seemingly proportional to the skin to core thickness ratio, although sufficient data points
were not collected to corroborate this. Additionally, there was a shift in the failure mode, which most incorporated delamination growth, especially in the thinner skinned material.
Interfacial delaminations were also incorporated into specimens, but a strength reduction was not observed with this defect type.
To further understand the buckling behaviour the experiments have been modelled with FE using realistic loading behaviour including shear force longitudinal bending. The results are presented in greater detail in paper 3.
Cap specimen tests
To better understand the failure process and loss of load bearing capacity of the cap, tests were performed on a specimen box girder cross-section. Tests were performed by flexural loading the specimens to directly simulate the crushing pressure, as shown in Figure 4 .
Simplifications of the test were made by using both three-point and distributed (pressure)
loading. Figure 9c shows that the distributed loading is very similar to the three point loading applied. This is because the distributed loading rig starts off with loading across a section length of approximately 100 mm, which progressively increases to 400mm as the curvature changes under applied load, at which point the test is stopped to ensure the rig is not damaged. Thus in the early stages the stresses were highest at the centre of the specimen for both tests. This remained the case for the three point specimen, which failed due to the tensile fracture of the bottom most biaxial layer following on from high levels of matrix cracking in the bottom most UD layers, Figure 9a , which was the same failure mode as described in section 3.1. Yet for the distributed loading specimen, the stress was spread across a larger region, leading to 150% greater dispersion of the matrix cracking across the bottom most UD layers. As these matrix cracks induce delamination growth, greater levels of delamination growth were seen across the specimen.
Building upon this, the specimens with transverse cap reinforcement were tested with the distributed loading rig. The reinforcement concept is highlighted in Figure 5c , and was achieved by moulding 3 UD layers of glass fibre in the transverse direction across the curvature of the cap. The resulting structure was able to hold more than double the load at a given displacement than its unreinforced counterpart. Furthermore the reinforcement reduced the degree of matrix cracking and thus the amount of delamination growth was also reduced.
However, the failure was more brittle and the higher forces resulted in peeling of the reinforcement (as the test was displacement controlled).
These experiments were modelled using 2D plane stress elements for the glass fibre, and 2D
cohesive elements for the interlaminar layers. Using Hashin's theory to show transverse (perpendicular to the length of the blade) tensile damage it was seen that the crushing pressure led to high levels of transverse matrix cracking, a result that verifies the DIC evaluated results from the experimental phase. The results are presented in greater detail in paper 2.
Full-scale test of a box girder with and without cap reinforcement
Based on experience from a full-scale test a new 34m box girder from SSP-Technology AS was manufactured and tested. Holes were drilled in the box corners so wire reinforcement could be inserted between the corners, see Figure 5 .
The wire reinforcement prevents the load carrying cap laminate from deflecting inwards, so buckling strength and interlaminar failure are less critical.
The wires are used only to validate the effect of coupling the corners. Obviously, a different solution should be found if manufacturers want to implement this invention in their blades.
This, was used only for demonstration of the invention's structural effect. In Figure 5c one manufacturing solution is shown. More embodiments can be found in ref. [31] .
The current paper shows the main results from these two full-scale tests with and without wires. The comparison demonstrates the positive effect of this cap(wire) reinforcement.
Description of the invention: 'Cap reinforcement'
The invention presented here is a reinforcement of the cap, which limits the ability of a curved (aerodynamic shape) cap from flattening out; see Figure 12 from ref. [31] . Also wires or pins can be used, as showed in Figure 13c . A special wire solution, shown in [16] , was used in the full-scale test, since it was the simplest solution to implement in an existing box girder. This solution could probably not be used in practice since the steel wires will attract the lightning, but in a 'proof of concept' test it is satisfactory.
The cap reinforcement can be made of any material, such as wires, fibres, dry fibre mats etc.
as it needs only to carry tension. In Figure 13a , a dry fibre mat is presented and a pultruded profile is shown in Figure 13b . Pultruded profiles, which have not yet been used as load carrying parts in wind turbine blade design, may be an interesting alternative.
In Figure 13 , three structural solutions are shown. More solutions can be found in patent application ref. [31] .
Proof of Concept of the cap reinforcement invention
A proof of concept test was performed for the cap reinforcement. The work includes numerical and experimental work, but here only the experimental results are presented. Two full-scale tests were performed in order to validate the ability of the cap reinforcement to reduce out of plane bending of the load carrying laminate (cap), see Figure 14 .
Based on a FE-study two areas were found critical to buckling and cap reinforcement (wires) was placed in these two regions. One critical region was the 5m section, where three wires were placed to prevent buckling, see Figure 15 .
Another critical region was the 10-12m section which is shown in Figure 16 . The big difference in the transverse curvatures of these two regions (5m and 10-12m) can be observed, see Figure 15b and Figure 16b .
FE-studies which were performed before the full-scale test showed that the reinforcement should have an effect also in regions with small transverse curvatures. The same results were observed in the full-scale test using the DIC system, see Figure 17 . The graphs in Figure 17 present a comparison between the two full-scale tests (with and without wires), where the effect of the wires is demonstrated. In figure 17 , the deformed centrelines from the two tests of the cap along the blade are plotted. The blue line shows results from test with wires and the red from test without wires.
The out of plane deformation of the cap is reduced by 10-30% due to the wires. As expected it is mainly the buckling waves which bend inwards that have been reduced. For instance, sections 10m and 11.5m have reduced their deformations by around 30%, while sections 10.8m and 11.8m only have reductions around 10%, see Figure 17 .
Not only have the out of plane deformations decreased due to the cap reinforcement, but the measured strain has also been reduced. In Figure 18 , the measured transverse strains are plotted, for section 10.8m and 11.5m.
In Figure 18a , a slight slope change after 70% loading are observed also for the case with "wires". The non-linearity is caused by buckling of the cap, which can also be seen in the measured out of plane measurement from Figure 17 . The test with cap reinforcements did not
show any tendency to buckling even though the box girder was loaded up to 95% load. The load scale refers to an ultimate failure of a full-scale test including the outer foil of the blade.
If these observations can be generalized, it can be concluded that the buckling capacity has been increased by at least 35% and maybe more if the loading of the box girder had been increased further.
Conclusion
This paper is the first in a series of three papers which deals with full-scale tests of a load carrying box girder from a 34m wind turbine blade. The two other papers present more details on testing of smaller sub components, namely cap specimens (paper 2) and shear web specimens (paper 3). This paper links with the two other papers to bring the main results from them into relevance for a wind turbine blade designer. Specifically the key findings of the cap results are that the 3 point loading of the cap geometry reveals similar, although slightly inferior bending results when compared to distributed loading; and that the glass fibre 'wire' reinforcement can more than double the load bearing capacity of the cap sustained
Brazier's loading. The key findings of paper 3 is that the asymmetric ovalisation of the box section can lead to shear disbond of the sandwich webs, and that delaminations rather than disbonds present in the shear webs will lead to significantly premature buckling.
The failure modes investigated in all three papers relate to the Brazier effect, which is expected to be one of the dominating failure mechanisms in future wind turbine blades.
Two full-scale tests of a 34m box girder were performed, one with and one without wire reinforcement. The wire reinforcement prevented the load carrying cap laminate from deflecting inwards, so buckling strength and interlaminar failure are less critical as expected.
The experimental results showed that the cap reinforcement reduces both the local deformation of the cap and the strains by 10-30%. Furthermore, the buckling capacity has been increased by 35%, and there is potential to improve this further. These design optimisations have regard for the demanding operational conditions to which blades are subjected.
Regardless of the wire reinforcement, the local deformations are expected to cause an interlaminar failure mode between the layers in the cap laminate, potentially arising from matrix crack growth transverse to fibre direction. This can be concluded after having compared deformations measured during the full-scale test and the cap specimen tests. It may in some cases have been concluded that the blade failed due to buckling instead of interlaminar failure. This is an obvious conclusion if deformation strains are studied alone, but interlaminar failure should also be considered as one of the critical failure mode. The authors believe that if the interlaminar failure can be prevented then the buckling capacity also increases significantly. The cap reinforcement tested here does decrease the possibility of the interlaminar failure, but at the same time it also increases the buckling capacity, so it is difficult to give an accurate estimate how much each failure mechanism has changed. The interlaminar failure is not only a problem at compressed cap (suction side) but also on the cap in tension (pressure side). Today it may not be so pronounced since the two caps are almost symmetric but future and optimized blades may have significantly less layers in the cap in tension, due to the fact that composite materials can carry much more in plane load than those currently designed. This old fact, from other industries, has been published for the first time for composite for wind turbine bladders in ref. [28] , so now the focus is to find the "real" weak points in the structure. One of them could be debonding of the skin from the sandwich core in the shear webs. This failure has been studied in two different sub component tests analyzed in paper 3.
Future work
Creep failure of wind turbine blades is known to be a challenge in the wind turbine industry.
When performing the required static tests, as part of the certification process, the blade is usually offloaded quickly after a short hold at the required test load. This is particular true for blades with parts in wood, but also polymer foams and fibre reinforced plastics are viscoelastic materials and the strain will increase over time when subjected to a constant loading. This can lead to creep failure.
During sub component tests, the materials viscoelasticity, have also been observed. It is not fully understood how the viscoelastic material properties and creep influence the strength and damage propagation in wind turbine blades and their sub components. The siting of wind turbines will expose them to a range of climatic conditions, for both offshore and onshore locations. The effect of temperature and environmental ageing on the mechanical strength of the wind turbine blade structure also needs to be considered as factors that could affect the through life durability. These areas are recommended to be further studied in the future. [16] , [17] , [29] . 
